Autoimmune regulator (aire) is a transcription factor that controls the self-reactivity of the T cell repertoire. Although previous results indicate that it exerts this function in part by promoting ectopic expression of a battery of peripheral-tissue antigens in epithelial cells of the thymic medulla, recent data argue for additional roles in negative selection of thymocytes by medullary cells. As one approach to exploring such roles, we performed computational analyses of microarray data on medullary RNA transcripts from aire-deficient versus wild-type mice, focusing on the genomic localization of aire-controlled genes. Our results highlight this molecule's transcriptional activating and silencing roles and reveal a significant degree of clustering of its target genes. On a local scale, aire-regulated clusters appeared punctate, with aire-controlled and aire-independent genes often being interspersed. This pattern suggests that aire's action may not be a simple reflection of the wide action of a chromatin remodeling enzyme. Analysis of the identity of certain of the clustered genes was evocative of aire's potential roles in antigen presentation and the coordination of intrathymic cell migration: for example, major histocompatibility complex class I and class II gene products and certain chemokine genes are targets of aire-regulated transcription.
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autoimmunity ͉ microarray ͉ T cell tolerance ͉ thymus ͉ gene expression I n organisms that possess an adaptive immune system, the establishment of immunological tolerance to self-antigens is a vital, but complex, process. For T lymphocytes, there appears to be a bulwark of overlapping and complementary mechanisms that operate at different stages of the T cell differentiation process (reviewed in refs. 1 and 2). One such mechanism involves the exposure of immature thymocytes to a wide repertoire of antigens usually associated with peripheral tissues (reviewed in ref. 3) , promoting the elimination of cells whose antigen-specific receptors (T cell receptors) are reactive to them. This ectopic gene expression is controlled, in part, by the AIRE͞aire (autoimmune regulator, aire) gene. Loss-of-function mutations of AIRE in humans result in the multiorgan autoimmune disease autoimmune polyendocrine syndrome type 1 (APS-1, also called autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy or APECED); mutation of the aire homolog in mice results in multiorgan inflammatory infiltrates and autoantibodies of diverse specificities (4, 5) . Exploration of these mutant animals revealed that aire exerts its antiautoimmunity function primarily in thymic medullary epithelial cells (MECs) and that it does so in part by controlling the expression of peripheraltissue antigens (5) .
Aire possesses several structural features indicative of a transcription factor: a SAND domain with sequence similarity to DNA-binding domains in nonmammalian species (although the domain in aire lacks certain amino acids required for DNA binding in other factors) (6, 7), a nuclear localization signal (8, 9) , and three nuclear-receptor-binding LXXLL domains (10, 11) . It exhibits significant transactivation potential in a classical GAL4 transactivation assay (8, 12) and can interact with the common transcriptional coactivator, CREB-binding protein (12) . Aire also shows E3 ubiquitin-ligase activity (13) through which it could potentially modulate the activity of chromatin elements.
How aire controls ectopic expression of peripheral-tissue antigens remains an open question, in part because DNA-binding activity has proven difficult to evidence reproducibly (14) . The genes whose transcription is activated by aire are numerous (estimated as 200-1,200 (5). They include a broad diversity of protein functional classes (hormones such as insulin, enzymes such as cytochrome p450 subunits, structural molecules such as keratins, and growth factors such as insulin-like growth factor 2) and tissue localizations (essentially every organ is represented). These genes are controlled in the relevant peripheral tissues by very specific, and different, transcriptional programs. One clue to aire's mechanism of action may lie in the observation that reproductive organs are the other locale where it is strongly expressed. This intriguing finding prompts one to ask whether aire activates transcription as a classic transcription factor by binding (directly or indirectly) to specific motifs in promoter͞enhancer regions or whether it effects a broader program of chromatin remodeling, as encountered during genomic reprogramming in the germ line.
Herein, we have performed a bioinformatic analysis of the genomic localization of aire-controlled genes in hopes that the footprint of this molecule's action on the genome might provide new insights into its regulatory mechanism. Randomized data sets were constructed by random-number generation based on genewise expression means and intrareplicate coefficients of variation. FPRs were calculated by dividing subsets (selected on fold change) of the randomized data set with equivalent subsets from the experimental data set.
Materials and Methods
transcript was assigned a fold-change ranking, (for example, no. 1 corresponds to the transcript with the highest fold change).
Clustering Analysis. Algorithms were implemented on the Sϩ 6.X platform (Insightful) to calculate intergenic distances between genes significantly differentially regulated and to assess the number of such genes within 200 kb of each other. This procedure was applied to the experimental data set and 10,000 randomly generated data sets (see Fig. 3C ). Alternatively, the number of genes within 200 kb of each other was assessed in a sliding window of 100 genes by fold-change rank (see Fig. 4 ).
To identify aire-regulated gene clusters, we designed an algorithm to identify all gene clusters in the Affymetrix genome, as defined by two or more genes within 200 kb of each other. Those gene clusters that contained one or more aire-regulated genes were flagged. All Sϩ algorithms are available upon request.
Results

Both Positive and Negative Aire Influences on Gene Expression in the
Thymus. To initiate a deeper exploration of transcriptional control by aire, we performed a reanalysis of published microarray data on transcripts from MECs isolated from WT versus KO mice. As detailed in ref. 5 , the raw data sets originated from cytofluorimetrically sorted MECs, from which labeled probes were prepared after amplification; three independent replicates were hybridized to Affymetrix MgU74Av2 microarrays. In this reanalysis, preprocessing of the raw microarray data was performed by using the RMA algorithm (16), a statistical method not available at the time of our initial report. This technique uses probe-level normalization, without noise from mismatched-probe data, to generate more reliable estimates of gene-expression values, particularly in the low end of the expression range, albeit at the cost of compressing apparent fold-change values. The greater reliability was important in the interpretation of aire control of transcription, because ectopic expression of a given gene in the thymus is considerably lower than its expression in the relevant peripheral tissue(s).
Fig . 1A shows that, in the absence of aire, large numbers of transcripts were up-or down-regulated. At a conservative foldchange value of 2, which corresponds to an FPR of 16%, 138 genes were activated by aire and 93 repressed. The former value is consistent with published results in ref. 5 and includes a preponderance of genes encoding peripheral-tissue antigens. However, we had previously underappreciated the number of aire-repressed genes.
Both the list of repressed loci ( Table 2 , which is published as supporting information on the PNAS web site) and the subset of activated loci that encode molecules other than peripheral-tissue antigens are of particular interest in light of recent indications that aire not only regulates transcription of peripheral-tissue antigens in MECs, but also somehow controls their antigen-presentation capacity (E.S.V., unpublished data). Indeed, this more comprehensive list of aire-activated and repressed genes includes a number that might be expected to modify the ability of MECs to present antigens and thereby clonally delete differentiating thymocytes capable of recognizing the peripheral-tissue antigens they display (17, 18) . For example, H2-DM␤ and H2-DO␤ are both involved in editing the repertoire of peptides bound to major histocompatibility complex (MHC) class II molecules, and their disruption could significantly influence the range of peptides presented by MECs (19) . The chemokines CCL5, CCL9, and CCL25 could potentially influence the interaction of differentiating thymocytes with MECs, modifying their migration or the persistence of their contacts with deleting stromal cells (20) .
A Clustered Distribution of Aire-Controlled Genes. We then analyzed the chromosomal localization of genes whose expression in MECs was affected by aire deficiency, retrieving the positions of all genes represented on the MgU74Av2 chip (taking chromosomal positions from the April 2004 annotation of the MgU74Av2 chip, based on release 32 of the mouse genome sequence) and keeping only one example of those entities that corresponded to the same locus (filtering based on shared UnigeneID, retaining the best feature based on alignment score). On a broad scale, aire target loci were distributed throughout the genome, seeming to occur without chromosomal preference; all chromosomes included examples of aire-activated and -repressed genes (Fig. 2) . On this scale, any appearance of clustering (e.g., Ϸ60 Mb on Chr4) was not significantly different from what was obtained through random sampling.
To examine chromosomal localizations at a finer resolution, we implemented an algorithm that tests, for each aire-regulated gene, the distance to its closest neighbor also controlled by aire. These distances were then used to generate a histogram (Fig. 3A) of the intergenic distances between the 200 genes most activated by aire (this particular threshold was chosen initially as corresponding to an FPR of Ϸ0.1). A substantial proportion of genes, 53 of 200, had another aire-activated neighbor within 200 Kb or less (filled bars). For comparison, only 16 genes had neighbors within 200 Kb when 200 genes were drawn at random from the Ϸ9,000 unique genes on the chip (white bars). To estimate the significance of this distribution, we performed 10,000 draws of 200 random genes and counted the number of genes with neighbors within 200 Kb. As illustrated in Fig. 3C , this procedure resulted in a Gaussian distribution with a mean at Ϸ15 genes. Although this distribution of randomly picked loci was itself higher than would be expected from a truly random placement of genes across all chromosomes (reflecting the fact that genes are actually significantly clustered across the chromosomes), it never reached the 53 genes counted for aire-controlled loci (P Ͻ 0.001). The same operations were repeated with the top 200 genes whose expression in MECs was repressed by aire. In this instance, 32 of 200 genes were found to have an aire-repressed neighbor within 200 Kb (Fig. 3B) , again outside of the range observed with randomly picked genes ( Fig. 3C ; P Ͻ 0.005). Thus, genes whose ectopic expression in MECs were controlled by aire clearly had a nonrandom placement in the genome and were often clustered within quite short genomic intervals.
Because our choice of the 200 genes most affected by aire was somewhat arbitrary, we repeated the analysis, this time sliding a window of 100 genes across the entire list of unique loci ranked according to fold change in aire-deficient versus WT MECs (Fig.  4A ). Significant clustering was observed at the left end of the spectrum, corresponding to aire-activated genes, clearly departing from the profile generated by randomized loci (black line). Clustering, although to a lesser extent, was also evident at the right end of the spectrum, representing the genes most repressed by aire. Interestingly, the clustering of aire-activated genes converged to the random baseline (genome-wide average shown as a yellow line) when the sliding window was set at Ͼ200. This value is in line with our previous estimates of the number of genes activated by aire (5) and with values from FPR estimates (data not shown). Thus, in those cases where the effect of a mutation or other phenotypic alteration acts on chromosomally clustered genes, the clustering index can become a useful indication of the significant fold-change range. Such an independent indication would be unaffected by the multiple-sampling issues that often confound the interpretation of microarray data.
We then asked whether the genomic clustering detected with aire-activated genes also applied to loci controlled by other transcription factors. The same analytical process was applied to data sets from dendritic cells of mice WT or deficient in CIITA (15) . CIITA is the ''master'' transcriptional regulator of MHC class II genes and ancillary loci that encode molecules involved in antigen processing and presentation (21, 22) . For those genes in dendritic cells influenced by CIITA (Fig. 4B) , the analysis showed clear evidence of genomic clustering at both the activated and repressed end of the spectrum. This clustering was even more marked than for aire-regulated loci, albeit impacting a smaller number of genes, with the clustering curve converging to the random baseline at Ϸ50 activated and 150 repressed loci. As was the case in the analysis of aire-regulated loci, genes activated by CIITA were relatively more clustered than those repressed by CIITA. Aire and CIITA thus demonstrate comparable chromosomal profiles of regulatory impact. However, no clustering was detected in microarray data sets when comparing B cells from mice WT or deficient in NF-B1 (S., Moran, A. Caniapa, and S. Pillai, unpublished data), possibly because, in a control system such as NF-B, with its partially redundant elements, only a fraction of the true target genes may be evident in a microarray analysis based on fold change.
Aire-Regulated Genomic Regions. As aire-regulated genes appeared clustered, we then asked whether, on a local scale, all of them were similarly affected: control mechanisms involving general derepres- sion of a gene block within a chromatin loop might be expected to influence entire blocks of neighboring loci. To this end, we implemented a computer algorithm that lists all gene clusters in the genome, clusters being defined as 2 or more genes within 200 Kb of each other. From this list, those clusters that contained one or more aire-regulated loci were identified (by using the top 200 each of the aire-activated and aire-repressed distributions).
The software identified 1,538 gene clusters (Table 3 , which is published as supporting information on the PNAS web site) within the genome defined by the coverage of the MgU74Av2 chip. Of these clusters, 251 (16%) contained an aire-regulated target gene, and 54 contained two or more target loci (Table 1 ). Yet, these clusters were far from being uniformly affected by aire, as illustrated by the examples shown in Fig. 5 . In many, only one gene was affected. When two or more genes in a cluster were regulated by aire, no particular pattern was apparent: aire-controlled loci were scattered and separated by one or more noncontrolled genes in some clusters (e.g., ClusterIDs 859 and 1007) or were grouped together in others (e.g., ClusterID 1069); some clusters contained both aire-activated and -repressed loci (e.g., ClusterID 470). These results suggest that the genomic regions that aire interacts with retain locus-specific control over the expression of individual genes.
The identities of certain of the gene clusters nicely reflected aire's proposed roles in negative selection and hint at additional mechanistic details. Several clusters included loci encoding peripheraltissue antigens: for example, ClusterID 407 contained casein genes, which are found in mammary tissue, and ClusterID 646 encompassed genes encoding kallikrein proteases, many of which are thyroid-specific. The MHC, encoding a multitude of genes involved in antigen presentation, housed clusters, including MHC class I and class II genes (Cluster ID 1358 and 1359 (Table 4 , which is published as supporting information on the PNAS web site). As discussed above, certain chemokine genes were controlled by aire, and there is an impressive group of these genes in ClusterID 1007. Perhaps giving a clue to aire's molecular mechanism, one of the most highly differentially regulated clusters was ClusterID 706, which contains the imprinted genes H19, insulin II, and igf2. Another interesting cluster was ClusterID 269, which has been previously detected and termed the epidermal differentiation complex in studies characterizing the differentiation program in epidermal tissue (23, 24) ; the existence of this cluster perhaps bears some relation to the fact that APS-1 patients usually present first with mucocutaneous candidiasis. A number of aire-regulated gene clusters also contained loci encoding keratin products (ClusterIDs 1019, 1020, and 1287; Table  2 ). Different keratins have been used as markers to define subsets of medullary and cortical epithelia within the thymus and may be important in structuring the stromal network that nurtures thymocyte maturation (25) .
Discussion
Aire as a Positive and Negative Transcriptional Regulator. Previous analyses of the genes controlled by aire emphasized its role as a transcriptional activator. In this reanalysis, however, we noted that a substantial number of transcripts were up-regulated in the absence of aire, highlighting a role in transcriptional repression. As with its role in activation, aire may act directly on the genes whose transcription it represses or may function, indirectly, by promoting the expression of downstream factors that inhibit transcription. In any event, these in vivo results are consistent with recent findings from transfection experiments showing a negative impact by aire on transcription of the MHC-II and IL-1ra genes (26); our data corroborate these two specific findings (see Table 2 ), and suggest a broader, genomedisseminated role for aire in transcriptional repression. Competition for the transcription factor CREB-binding protein has been proposed as a potential mechanism for a silencing effect of aire (26) , and this hypothesis has also been advanced to explain the emerging role for CIITA in transcriptional repression (27) . Interestingly, there was some overlap in the sets of genes repressed by aire and CIITA (e.g., IL-4, see Table 2 ).
Whatever its mechanism, the silencing role of aire is likely to have significant consequences: for example, the expression of several genes encoding molecules involved in antigen presentation (e.g., H2-DM␤ and H2-DO␤) was altered in the absence of aire, which may contribute to the ineffectiveness of aire-deficient thymi displaying self-antigens to elicit proper clonal deletion of thymocytes that recognize them (ref. 18 ; E.S.V., unpublished data) whether through direct presentation by MECs or through cross-presentation by dendritic cells (17) .
Chromosomal Clustering and Implications for Aire's Effects on Transcription. The clustering of coregulated genes is a quite frequent phenomenon in eukaryotic genomes (28) . In the simplest of cases, the clustered genes are a product of comparatively recent duplication events, where evolutionary divergence has yet to generate different expression patterns. In other cases, genes whose products participate in the same pathways are often colocalized, somewhat reminiscent of a prokaryotic operon (29, 30) . There are regulatory advantages to such an arrangement: the same enhancers or locuscontrol regions are shared and ensure coordinated expression in single cells. There may be evolutionary advantages as well, such as coevolution of genes in tight linkage disequilibrium that contribute to a function as a haplotype (reviewed in ref. 28 ). The notion of chromosomal domains of gene expression has been recently validated in whole-genome microarray analyses (31, 32) . Here, we observed clustering of the genes transcribed in the thymus under the control of aire, which was perhaps less intuitive, because many of these genes are expressed in the periphery in a variety of tissues and cells according to a diversity of developmental and environmental dictates.
To a significant extent, the influence on neighboring loci corresponded to an effect on duplicated or closely homologous genes, but colocalized family members were not the only instances of the clustered targets of aire (Fig. 5) . Additionally, rather than the consistent effect one might have expected from a broad activity on chromatin conformation, the impact of aire was much more punctate within the chromosomal stretches, often affecting only two or three genes while leaving neighboring and interspersed genes unaffected. In several cases, such as the casein gene cluster ( Fig. 5 ; ClusterID 470), aire even had opposing effects on directly adjacent neighboring genes. Thus, it does not seem likely that this protein's influence can be explained simply in terms of chromatin remodeling: either a more complex mechanism involving gene-specific binding of additional positive and negative factors may come into play, or aire behaves like a conventional transcription factor, binding itself to cis-acting control elements within individual genes. Either way, it is worth keeping in mind that many transcription factors and enhancer elements have long been known to have dual activating͞silencing capabilities (33) . It may be worthwhile to highlight the relationship between our study and that of Gotter et al. (34) . The latter provided evidence that genes expressed differentially between human medullary and cortical epithelial cells were chromosomally clustered. As was the case in our study, many of these loci did encode peripheral-tissue antigens, and certain of the same gene clusters (e.g., the epidermal differentiation complex) were noted. However, our data set differs in focusing on aire-regulated loci and in not filtering out genes similarly expressed in cortical and medullary epithelial cells. Thus, it will include genes encoding peripheral-tissue antigens that are expressed at about the same levels in the two epithelial cell types (e.g., proteoplipid protein or myelin basic protein; ref. 34) but will not include peripheraltissue antigens whose MEC expression is not controlled by aire (e.g., C-reactive protein or GAD67; ref. 5). In short, our data set is focused on a particular function of MECs, i.e., aire-promoted tolerance induction, rather than on their developmental͞ functional distinction from another stromal cell type.
Chromosomal Clustering as an Internal Validation in Microarray
Experiments. Statistical validation of microarray data is a thorny issue, facing an extreme version of the classic ''many variables͞few observations'' problem, when true differences dangerously approach experimental noise. Even with techniques for estimation of FPR, the investigator is faced with the issue of setting thresholds for inclusion, usually arbitrarily. The representation of Fig. 4 suggests that information derived from genomic clustering, when applicable, may be quite valuable: first, at the level of individual genes, because it would be very unlikely that experimental noise would similarly affect two neighboring genes (the actual FPR could be estimated as the product of the two individual FPRs); second, by providing an independent estimate of the range of the fold-change curve that includes significant alterations. Even if not all genes whose expression is affected in a particular condition are clustered, the clustering signal highlights quite clearly the areas where they are found and, thus, gives greater confidence in these segments of the distribution. This finding was the case with CIITA in this study: the very clear genomic clustering of genes whose expression is down-regulated by CIITA provided independent evidence for the initially underappreciated role of this factor in transcriptional repression (27, 35) .
Conclusion
This analysis of chromosomal clustering offers a perspective on the action of the aire transcription factor. Aire not only promotes the ectopic thymic transcription of genes encoding peripheraltissue antigens, but also affects, either positively or negatively, the expression of a number of other genes. Some of these alterations may be important in eliciting the deletion of thymocytes reactive to the presentation of peripheral-tissue antigens, and many are localized to previously uncharacterized gene clusters, the precise control of which remains to be elucidated. It appears that these transcriptional influences may not be explained by a simple influence of aire on chromatin remodeling.
